The virally encoded K28 killer toxin of Sacchsmmyces cerewisiae kills sensitive cells by a receptor-mediated process. DNA synthesis is rapidly inhibited, cell viability is lost more slowly and cells eventually arrest, apparently in the S phase of the cell cycle with a medium-sized bud, a single nucleus in the mother cell and a pre-replicated (In) DNA content. Cytoplasmic microtubules appear normal, and no spindle is detectable. Arrest of a sensitive haploid yeast strain by a-factor a t START gave complete protection for a t least 4 h against a toxin concentration that killed non-arrested cells a t the rate of one log each 2.5 h. Cells released from a-factor arrest were killed by toxin a t a similar rate; arrest occurred with medium-sized buds within the same cell cycle. Cells arrested by hydroxyurea, with unreplicated DNA, or by the spindle poison methylbenzimidazol-2yl-carbamate, with unseparated chromosomes, both arrest at the checkpoint at the C2/M boundary; these arrested cells were not protected against toxin, losing about one log of viability every 4 h. Following release from the cell cycle block, a majority of these toxin-exposed cefls progressed through the Celt cycle and arrested in the following S-phase, again with medium-sized buds. Killing by K28 toxin apparently requires entry into the nuclear division and bud cycles, but can result from inhibition of either early or late events in these cycles. Morphogenesis in moribund cells is uniformly blocked in early S-phase with an immature bud. Toxin action causes either independent blockage of both DNA synthesis and the budding cycle, or inhibits some unknown step required for both events. M. J. S C H M I T T a n d O T H E R S that retained its hypersensitivity. Cells that had been arrested in different stages of the cell cycle were exposed to more rapidly lethal concentrations of K28 toxin and phenotypes were determined following release from the cell cycle block in the continued presence o r absence of toxin. We demonstrated that tuxin-treated cells arrest in the budded phase of the cell cycle with an unreplicated (Gl) content of DNA in a single nucleus located in the mother cell. While cells arrested with a-factor at START were protected against toxin action, cells arrested at the G2/M checkpoint because of inhibition of DNA synthesis or microtubular function remained sensitive ; following removal of the cell-cycle inhibitor, these moribund cells progressed through the cell cycle to arrest again in the following S-phase, even in the absence of additional toxin. toxins and the outer 1,3-~-linked mannose residues of cell wall mannoproteins in the case of K28 killer toxin (Hutchins 8r Bussey, 1983; Schmitt Br Radler, 1988).
INTRODUCTION
Killer strains of the yeast Saccharamyes cereuisiae secrete extracellular protein toxins encoded by cytoplasmic double-stranded RNA (M-dsRNA) viruses (Bussey, 1991 ; Wickner, 1992 Wickner, , 1993 toxins (Schmitt & Tipper, 1990; Tipper 81 Schmitt, 1991) . Sequence analysis of cDNA clones shows that each virus contains a single open reading frame encoding the preprotoxins Mlp, M2p and M28p (Hanes eb a/., 1986; Schmitt, 1995; Schmitt & Tipper, 1995) . These preprotoxins lack sequence similarity either to each other or to other known genes. Expression of the preprotoxins from cDNA clones confers the same killer and immunity phenotypes expressed by the parent dsRNA viruses (Bastian eta] ., 1984; Dignard efal., 1991 ; Schmitt, 2995).
In the case of the K1 and K28 killer toxins, the biologically active and mature killer toxins are a/a-heterodimeric proteins that kill sensitive yeast cells via a twostep receptor-mediated mechanism (Bostian e t al,, 1984 ; Schmitt & Tipper, 1495) . Less is known about the K2 toxin, although its mechanism is very similar to that of K1. In the first step, toxin binds to a cell wall receptor, a component of the 1,6-a-~-glucan for the K1 and K2 that retained its hypersensitivity. Cells that had been arrested in different stages of the cell cycle were exposed to more rapidly lethal concentrations of K28 toxin and phenotypes were determined following release from the cell cycle block in the continued presence o r absence of toxin. We demonstrated that tuxin-treated cells arrest in the budded phase of the cell cycle with an unreplicated (Gl) content of DNA in a single nucleus located in the mother cell. While cells arrested with a-factor at START were protected against toxin action, cells arrested at the G2/M checkpoint because of inhibition of DNA synthesis or microtubular function remained sensitive ; following removal of the cell-cycle inhibitor, these moribund cells progressed through the cell cycle to arrest again in the following S-phase, even in the absence of additional toxin. toxins and the outer 1,3-~-linked mannose residues of cell wall mannoproteins in the case of K28 killer toxin (Hutchins 8r Bussey, 1983; Schmitt Br Radler, 1988 ).
Synthesis and assembly oE these primary cell-wall binding sites requires a whole set of chromosomal KRE and MiVN genes, the products of which are involved in glucan and mannop ro tein synthesis , respectively (Busse y, 1991; Tipper & Schmitt, 1991) . Mutations within these nuclear genes lead to failure in cell-wall binding of toxin and a saturable resistance which is overcome at high toxin concentrations, suggesting that binding to the cell wall principally serves to concentrate toxin at the cell surface. Spheroplasts of sensitive cells are also sensitive to toxin and spheroplasts of kra or mzzn mutants remain sensitive; spheraplasts of immune cells, however, express the same non-saturable resistance as thcir parent cells (Schmitt 81 Radler, 1988) . Sensitivity and immunity are, therefore, expressed at the plasma membrane, implying the existence of secondary membrane receptors whose occupancy initiates the second step in toxin action leading to cell death (Schrnitt & Compain, 1995) . Both K1 and K2 killer toxins exhibit their lethal effect on sensitive cells by disrupting cytoplasmic membrane function (Martinac eb al., 1990) . In contrast, K28 toxin has no such ionophorjc effect but rather inhibits nuclear DNA synthesis ( Fig. 1 ; Schmitt e t al., 1989) . We have previously shown that, following exposure to moderate concentrations of K28 toxin, the rate of viability loss in growing cells of the hypersensitive homothallic diploid strain 381 is quite law. Little cell death is detectable for 1-2 h, after which one log of viability is lost each 4 h, corresponding approximately to the inverse of the growth rate (Tipper & Schmitt, 1971) . In order to perform more incisive analyses of the effects of K28 toxin on the cell cycle, we constructed strain 4033, a M A T a heterothallic derivative of strain 381
METHODS
General methods. A11 S, terevzrzae strains used in this work are described in Table 1 , One hypersensitive haploid M A T a strain, 4033, was used in the cell cycle studies described here. Strain 4033 represents a heterothallic M A T a derivative of the homothallic (HO) diploid, K28 hypersensitive strain 381, which was constructed by spore-to-cell matings essentially as described by Bakalinsky & Snow (1990) . Briefly, the heterothallic (ho) allele of the moderately K28 sensitive strain 7859-2-1c was introduced into strain 381 through spore-to-cell hybridization, resulting hybrids were sporulated, and heterothallic segregants were isolated for use in successive backcrosses. Heterothallic progeny of opposite mating type that retained their hypersensitivity against killer toxin K28 were isolated and further purified by repeated cycles OF sporulation, ascus dissection, and clonal selection. Growth media and methylene blue agar (MBA) for killer assays were as described previously (Schmitt & Tipper, 1990) . Cell density and percentage of budded cells were monitored by fixing aliquots of culture samples in formaldehyde (3.5 %, v/v). Fixed cells were monitored with a phase-contrast microscope at 400 x magnification. Cell viability was determined by plating culture samples on YEPD plates, buffered to pH 7.0 with 50 mM K,HPO, at 30 O C . Under these conditions, killer toxin is rapidly inactivated.
Toxin production and killer assay. Cultures (2 x 10 litres) of the K28 superkiller strain MS300c (~k i 2 -2 ; see Table 1> were grown for 5 d in synthetic B-medium (pH 4-7). Cells were harvested by centrifugation and the supernatant concentrated to a final volume of 20 ml using ultrafiltration devices (Sartorius ; Amicon) with YMlO membranes having a molecular mass cutoff of 10 kDa (Schmitt & Radler, 1987) . Toxin was assayed by the quantitative well assay against a lawn of strain 381, as previously described; lo4 units corresponds to 1 pg of purified toxin (Schmitt & Tipper, 1995) . Since the mature toxin has a molecular mass of approximately 21 800 D a (Schmitt & Tipper, 19951 , the standard concentration used in these studies, 2 x lo6 U rnl-', is about 10 pM.
Cell cycle experiments. Celis of strain 4033, growing exponentially at 25 O C in YEPD-citrate medium (pH 5.0), were arrested at START by treatment with a-factor at an initial concentration of lom6 M, or at the transitional GZ/M-phase by addition of the dTMP synthesis inhibitor hydroxyurea (HU; 0-2 M) or the tubulin poison mcthylbenzimidazol-2yl-carbamate (MBC; 50 pg ml-I). Inhibitors were added at time zero and K28 toxin (2 x lo6 U rn1-l) was added to a sample at 5 h. After further incubation for 2.5 h in the presence of inhibitors, with and without toxin, cells were pelleted by centrifugation and [3H]dTMP incorporation at the restrictive temperature (30 "C) can be used to assay DNA synthesis in this strain. As shown in Fig. 2(b [specific activity 40 Ci (1480 GBq) mrnol-'1.
After incubating for 1.5 h a t 30 "G killer toxin K28 (2 x lo7 U ml-') was added, samples (1 ml) were withdrawn a t the intervals indicated, and the radioactivity of the DNA was measured in a liquid scintillation system as previously described (Schmitt et a/ (Fig. 3b) , and clear microtubular patterns were visible (Fig. 32) . ( Fig. 4) . Control cells in the absence of toxin showed the two peaks characteristic of a mixture of pre-S-phase cells having a single DNA content (In) and post-S-phase cells having a DNA content of 213, with the saddle representing cells in S (Fig. 4a) . In contrast, cells treated with toxin for 6 h lacked the second (2n) DNA peak, indicating that K28 toxin leads to an accumulation of yeast cells with unreplicated chromosomal DNA.
Cells arrested by a-factor are not killed by K28 toxin
In order to map more precisely the point in the cell cycle at which K28 toxin exhibits its lethal effect, we used cells of strain 4033 that had been arrested at START in G1 by a-factor treatment. We then added K28 toxin for several hours, and asked what happened to the cells after release from G1 arrest in the continued presence or absence of killer toxin. As shown in Fig. 5(b) , cell division arrested within 2-5 h of addition of a-factor, with a rapid drop in the proportion of budded cells. In the absence of toxin, when a-factor was removed after 7.5 h, cell growth recommenced at the original rate within 2 h, and the percentage of budded cells increased to normal levels.
When lethal concentrations of K28 toxin (2 x lo6 U ml-l)
were added to G1 -arrested cells at 5 h, cells remained fully viable until both %-factor and toxin were removed at 7-5 h and were replaced by toxin alone (Fig. 5b) . Viability then dropped as rapidly in cells released from a-factor as in unarrested cells (Fig. 5a ). Cell numbers remained constant, indicating toxin-induced arrest within the same cell cycle, and the proportion of budded cells increased over 6 h to about 75 %. These buds were of medium size with a single nucleus in the mother cell, like those shown in Fig. 2(a) . This indicates that cells released from G1-arrest in the presence of toxin die after initiating S-phase and the bud cycle and adopt a terminal phenotype within that cycle. In additional experiments (data not shown), viability was maintained in t.he presence of both a-factor and toxin for at least 4 h, and the rate of viability loss after removal of oc-factor was similar even in the absence of additional toxin, demonstrating that a-factor-arrested cells had already adsorbed lethal quantities of toxin. These data also demonstrate the efficacy of inactivation of bound toxin when cells are plated at pH 7-0 in the viability assay.
Cells arrested by HU or MBC remain sensitive to K28 toxin
The protection from toxin action afforded by G1 arrest indicates that cells must pass START to be killed, compatible with a primary effect on DNA synthesis. By testing the sensitivity of cells arrested at later stages in the cell cycle, we hoped to identify the execution point for lethality more precisely. Because of the temperature sensitivity of toxin, we were unable to use temperaturesensitive cdc mutants and, instead, used metabolic inhibitors.
As shown in Fig. 5(c) , cells of strain 4033 arrested in the budded portion of the cell cycle on addition of HU; budded cells increased to 95 %, consistent with the known mode of action of HU as an inhibitor of dTMP synthesis. DNA elongation was inhibited and nuclear replication ceased; the budding cycle arrested in late G2, when the daughter cell was similar in size to the mother, due to activation of the G2/M checkpoint that monitors nuclear replication, and the nucleus traversed the bud neck with a completed spindle (data not shown). In the absence of toxin, on removal of HU, cell division recommenced at the original rate with no detectable loss in viability and the proportion of budded cells fell back to normal levels (data not shown). However, if K28 toxin was added to HUarrested cells 2.5 h prior to HU removal, loss of viability commenced immediately and, on removal of HU, continued in the presence or absence of additional toxin. Since this continued loss in viability occurred in broth at pH 5 but not in cells plated at pH 7 in the viability assay, it must reflect the activity of toxin already bound to the cell wall.
Most of these moribund cells divided after HU removal, and again adopted a terminal phenotype with a mediumsized bud and a nucleus in the mother cell (data not shown). The transient decrease in budded cells was only modest, probably reflecting asynchrony of cell division in these dying cells. Thus, HU-arrested cells suffer irreversible damage when exposed to K28 toxin and, fol- lowing release from HU arrest, can proceed through M and G1 phases, arresting again in the following S-phase.
MBC is a microtubule inhibitor that interferes with spindle function, so that ceIIs arrest at the G2/M checkpoint for nuclear replication, as for HC. However, the nuclear replication defect is in chromosomal segregation rather than in the earlier step of DNA synthesis.
The results obtained with MBC-arrested yeast cells exactly reflected those obtained with HU-arrested cells (Fig. 5d ). Ninety-five percent of MBC-arrested cells accumulated with a large bud and all remained viable in the absence of toxin, so that normal cell division resumed on removal of MBC (data not shown). On addition of toxin to these MBC-arrested cells, loss of viability commenced immediately and continued to decline at pH 5, following removal of MBC after an additional 2-5 h, in the presence or absence of additional toxin. Again, the majority of cells by plating at pH 7.0 and 30°C, conditions which rapidly inactivate any toxin bound to the walls, so reflects only lethal events prior to plating. (b) After 5 h, the a-factor arrested culture was divided in two; one served as a toxin-free control (el m, A) while K28 toxin (2 x lo6 U rnl-l) was added to the other (0, 0, A). At 7-5 h, cells of both cultures were washed free of a-factor and toxin by centrifugation, and resuspended in an equal volume of fresh, pre-warmed YEPD-citrate medium (pH 5.0). Total, viable and budded cells were monitored throughout, as above. (c, d) After 5 h, the cultures arrested with HU or MBC were divided in three; one sewed as a taxin-free control (data not shown) while K28 toxin (2 x lo6 U ml-') was added to the other two. These two cultures were monitored independently for total, viable and budded cells. At 7.5 h, cells of both pairs of cultures were washed free of inhibitory drug and toxin, and resuspended in an equal volume of fresh, pre-warmed YEPD-citrate medium (pH 5.0). One culture (a, I, A) was incubated without additional toxin, so that additional viability loss reflects the action of pre-bound toxin, and the other after addition of toxin (2 x lo6 U ml-l; 0, 0, A}.
divided and arrested with the characteristic S-phase morphology.
Model for K28 toxin action within the yeast cell cycle
Although jt is clear that cells arrested at START by afactor are protected from toxin action, while cells arrested by HU or MBC arc not, it is difficult to identify the precise execution point, the stage of the yeast cell cycle that is most critical for K28 toxin action (Fig. 6 ). inhibition of DNA synthesis could reflect inhibition of some separate event, or coulcl reflect inhibition of some unknown event common to 13NA rcplication and completion of the bud cycle.
The mode of action of K28 toxin appears to be unique, unlike that of other known yeast and fungal killer toxins. Clarification of the tnodel shown in Fig. 1 requires identification uf the primary toxin target. W'e hope to achieve this by analysis uf resistant mutants. However, the great majority of J'. c w e u i h e mutants selected for resistance to K28 toxin are alleles of either mnri7, mnt2 o r mnn5, whose products are involved in cell-wall mannoprotein side-chain synthesis (Schrnitt & Radler, 1988 
